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In recent years and in the foreseeable future, power demands generally around the 
world and particularly in North America will experience rapid increases due to the 
increase of customers’ requirements, while the development of transmission systems in 
North America is rather slow. Voltage stability assessment b comes one of the highest 
priorities to power utilities in North America. Voltage stability index (VSI) is a feature 
for solving voltage stability problems. It is generated from the basic power flow 
equations and/or energy functions. The mathematical expression of a VSI is often written 
as a polynomial containing the systems real-time measurements such as voltage 
magnitudes, phase angles, bus injected power and branch power flow values, etc.  
In this thesis, the principle and derivation process of two voltage st bility indices 
are presented. Relevant simulations are analyzed to demonstrate the VSIs’ functions as 
illustrating the system’s stability condition, estimating the systems operating states, 
determining system sensitive buses; and generator-sensitive buses and helping to apply 
system protection strategy. The thesis also discussed the application of VSIs with 
synchronized phasor measurement units, a precise system phasor meau ing device using 
global positioning signal to obtain wide-area system measurements simultaneously. The 
effect of measurements errors on the computation of the VSI is studied and examined. 
Finally, a discussion of the future development of synchrophasors and VSI methods is 
given. 
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In recent years, power demands around the world generally and particularly in 
North America will experience rapid increases due to the increase of customers’ 
requirements. The report from Renewable Energy Transmission Company (RETCO) [1] 
about the infrastructure situation of U.S. electric transmission grids indicates that, 40% of 
all energy consumed in the US is electricity consumption and in sometatements the US 
society depends more on electricity than it does on oil.  The electricity demand grows 
significantly and it will keep an increase rate of 26% until 2030 in the pre-recession 
forecasts. 
Compared with the rapid increase of the power demands, the development of 
transmission systems in America is rather slow. According to U.S. Department of Energy 
(DOE) [2], since 1982, the growth in peak demand for electricity has exceeded 
transmission growth by almost 25% every year. Many power stations were constructed 
during 1950s and have been in use for more than 50 years. Those power delivery systems 
were designed and built based on the technology of the last century and are struggling 
with many difficulties that prevent upgrading to face the rapid power demands increase 
while maintenance costs grow higher and higher. From DOE [2], “only 668 additional 
miles of interstate transmission have been built since 2000.” As a result, system 
constraints become worse and worse. Each year, American business pends more than 
$100 billion for power system contingencies and other power quality issues. One 
consequence the aging of the power system is the contribution to the growing frequency 
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of voltage instability and the corresponding outages. In the annual report[3] from North 
American Electric Reliability Corporation (NERC), it has been stated that level 5b 
transmission loading relief requests (TLR requests level 5a & 5b: to curtail Fi m Point-to-
Point Transactions to allow new Firm Point-to-Point Transactions t begin; TLR-5a is 
performed at the top of the upcoming hour;  TLR-5b needs to perform Immediately, or as 
soon as possible) have risen significantly over the past five years, “with over 85 
occurring in 2008 as compared with only five in 2002.” These contingencies larg ly harm 
the quality of energy delivered to consumers, especially those larg  manufacturers, 
influencing them by slowing their daily manufacturing schedules.   
Many different analysis methods have been applied for voltage stability 
assessment, which can be distinguished in two large groups: static and dynamic methods. 
Dynamic methods apply real-time simulation in time domain using precise dynamic 
models for all electric instruments in a power system. It show the time domain events 
and their characteristic curves which eventually lead the system to voltage collapse. 
These methods largely depend on the numerical solutions of large sets of differential 
equations created to describe the model characteristics of electrical devices and their 
internal connections. Dynamic analysis is useful for detailed stu y of specific voltage 
collapse situations and coordination of protection and time dependent action of c trols. 
The dynamic simulation of large-scale power system is time consuming and relies 
heavily on the computer’s performance.  
Many aspects of voltage stability problems can be effectively analyzed by using 
static methods. Those methods can be divided into several sections, including sensitivity 
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analysis, modal analysis and P-V and Q-V methods for voltage stability ssessment. They 
usually solve specific 1st or 2nd order functions or indices derived from basic power flow 
equations of the network which show the capability of the power system to remain stable. 
These methods run with specific load increases until the voltage collapse point is reached. 
These techniques allow examination of a wide range of system operating conditions. And 
they can provide the natural behavior of the system in heavy loading co dition or 
contingencies. 
One section of static methods is called the Voltage Stability Index (VSI) [4] 
method. The VSI is generated from the basic power flow equation and/or energy 
functions. This method uses an Index that shows the system’s stability condition and can 
be used to estimate the systems operating states. The mathematical expression of a VSI is 
often written as a polynomial containing the systems real-time measurements such as 
voltage magnitudes, phase angles, bus injected power and branch power flow values, etc. 
The index can be different by using different power system models [5] and target 
parameters. The values of VSI are distinctly different in normal condition and 
contingencies for a power system. The changing process of the VSI values in the region 
from no loading condition to maximum permissible loading condition will also reflect the 
system’s stability trend from stable to unstable. The point when system lose stability is 
called the optimal point (or diverge point) in VSI. Some of the indices apply 
normalizations using this optimal value of the index to maintain the ind x values between 
settled thresholds.  
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Voltage magnitude is the most often used parameter in voltage stability index 
studies. A typical Voltage Stability Analysis considering voltage magnitude [6] is based 
on a simplified 2-bus Thevenin Equivalent power system with line resistance neglected. 
The approximate power flow equations through sending and receiving ends ar  obt ined. 
So the P-V characteristic and voltage stability limit for power transfer at specific load bus 
are obtained from the transformation of the power flow equations.  
Based on these principles, one VSI method considering voltage magnitude of the 
receiving end is derived in [7]. The method utilized the approximation of neglecting the 
line resistance for transmission lines with a high reluctance/resistance ratio, the 
approximated maximum active/reactive and apparent power flow values re obtained by 
using power flow measurements to express the voltage magnitude at receiving end and 
calculating its minimum value. The VSI is defined as the value of the ratio of the 
maximum calculated values and maximum theoretical values. The VSI will stay quite 
high (larger than 0.5) in [7] when the system runs under an environment of reasonable 
load requirements. When the load at specific bus increases close to system’s stable 
margin, the VSI at that bus decreases close to its critical point numbering 0 to show its 
warning to the power system operators. The VSI can be used as anindicator of the 
margin satisfying the normal operating condition of the power system, which are P, Q 
and S margins in the index expressions. 
A modified VSI method, Fast Voltage Stability Index (FVSI) [8]is based on the 
previous discussion about basic voltage stability index mentioned above. According to 
this method, some more approximations were made to simplify the system 
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characteristics. The author only considered the relationship between the voltage 
magnitude and the reactive power at load receiving end. Some assumptions such as 
neglecting the line resistance in HV transmission lines were made. The FVSI is defined 
as a function of voltage magnitude at the sending end of the equivalent gen rator bus, the 
reactive power and equivalent impedance of the system. After transfo mation, the voltage 
magnitude at receiving end contains a root in its expression. To satisfy the stability 
condition, the root in voltage magnitude should be no smaller than 0, and 
correspondingly the FVSI should be maintained less than 1.0. This method simplified the 
former VSI method by adding approximations so that it reduces the calculating time for 
each load bus and does not sacrifice accuracy much. 
According to the recent studies in Japan, Y. Kataoka, M. Watanabe and S. 
Iwamoto developed a VSI method purely based on the limitation of the voltage 
magnitude in power system [9]. According to their theory, a minimum voltage magnitude 
for each bus is settled based on the optimal power flow calculation. Their method, the 
Voltage Margin Proximity Index (VMPI), is a scalar index to evaluate the voltage 
stability margin of an entire system. The expression of the index is a solid angle between 
a specified value vector and the lower voltage limit vector. 
Apart from voltage magnitude, other parameters can also be used for the 
investigation of power system stability. Muhammad Nizam, Azah Mohamed and Aini 
Hussain developed a static method called power transfer stability index (PTSI) [10]. PTSI 
is based on the ratio of the apparent power transferred and the maximum power that can 
be transferred. To obtain the expression of the maximum apparent power, the authors use 
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the load impedance derivative of the apparent power. The index is calculated at every bus 
by using information of the load power, voltage phasor at sending end, equival nt line 
impedance and load impedance phase angles. The value of PTSI varies betw en 0 and 1 
such that when PTSI value reaches 1, it indicates that a voltage collapse has occurred. 
The limiting option in this index is the maximum load apparent power, which is defined 
by the rate of change of the power with respect to the voltage. 
Some other VSI methods consider using the system admittance or impedance 
matrix rather than making equivalent transformation of the system. One method is 
Voltage Collapse Prediction Index (VCPI) [11]. This method requests the system ne work 
admittance matrix to be formed as an equation describing the voltage phasor at specific 
bus. Firstly, a modified voltage phasor is formed using the measurement value of voltage 
phasor at all buses along with the admittance matrix. Then VCPI at specific bus s created 
as a function of these modified voltage phasors and the measurement value of voltage 
phasor at that bus. The value of VCPI varies between 0 and 1. The closer the index is to 1 
means the system is closer to lose its stability. 
Voltage Instability Proximity Index (VIPI) [4] is another method that focuses on 
the characteristics of the two conjugate complex solutions which are obtained from 
solving power flow functions using Newton-Raphson method. And for a power system 
with increasing load, the two conjugate complex solutions will become closer and closer 
and finally become one at the critical point. So that VIPI is defined as the solid angle 
between the specified value factor y and its critical vector value y(a) at system collapsing 
point at each load bus, while y is a function of the two system complex operation 
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solutions of power flow functions. This method also uses the system network admittance 
matrix to calculate the values of y for each bus. An entire system index, which is called 
VIPIt, shows a margin to the critical point of the system. According to the values of 
VIPIt, one can evaluate the degrees of the voltage stability. The authors suggest selecting 
generators in the order of improvement effect in the preventive control due to the VIPIt. 
And contingency analysis can be made based on this method, too. 
The Line index method (L-Index) [6] is another method which uses system’s 
impedance matrix as studying parameter. This method is derived f om the power flow 
solution of the system. Using the load bus self admittance matrix nd the mutual 
admittance matrix between the generator and load buses, a complex gain matrix of the 
power system is obtained. Then for each bus, the L-Index is defined as an absolute value 
of the subtraction between 1 and a function composed of gain matrix and voltage phasors 
of generator buses and local bus. This index has a minimum value of 0 and maximum 
value of 1 indicating stable and unstable condition of the power system. 
Another group of VSIs is based on the energy function of the power system. Jo  
H. Chow, Aranya Chakrabortty and their group have investigated a method [5] adapting 
energy function into the measurements. The system’s total energy can be expressed as the 
sum of kinetic and potential energy. The kinetic power can be obtained from system 
machine dynamic function while the potential power is related to the power transfer 
function. So the energy function contains many system parameters as machine speed, 
machine electrical angle and bus angle according to time. By studying the kinetic, 
potential and total power of a transfer path in a system during a contingency, the security 
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and the margin of this contingency can be decided and calculated. Thus it offers a way to 
decide the system’s stability level using real-time measurements under dynamical 
environment. This method has a good potential for application with the phasor 
measurement unit (PMU) data. 
Apart from those methods mentioned above, Yi Zhang and Kevin Tomsovic 
developed a method [12] called Adaptive Remedial Action Scheme (ARAS). This 
method is based on the transient energy method assuming that the mode of disturbance is 
not changed under the control action during the disturbance. This method uses the 
condition of the Potential Energy Boundary Surface (PEBS) to find out the s able 
boundary of a power system. For each case, there is a threshold for the bus voltages and 
below the threshold there are the Stable Equilibrium Points (SEP) of the system. By 
calculating the residual kinetic energy (RKE) and the difference of potential energy, one 
can determine the boundary of ARAS action under disturbance. The energy control can 
also be conversed to phase control.  
The voltage angle is also an important parameter in power system tability 
assessment and has been widely investigated. The Center of Angles (COA) method [13] 
is one of those methods based on bus angle. The inertia angle of the entire system, in 
other word, the COA, is composed by the sum of the products of internal machine rotor 
angle and its respective generator inertia time constant for each generator in the system 
over the sum of the generator inertia time constants of the entire system. This method 
presents a new way to decide the system’s reference of stable condition. For the classical 
power system stability investigation, researchers are always using the slack bus, which is 
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often defined as the bus connected with the maximum generation capability/storage for 
the stability reference of a system. The COA method is using the power-angle 
characteristics of the entire system rather than of a particular bus. Based on this method, 
when a contingency occurs, the system COA will be violated. The level of the violation 
will determine the severance level of the contingency. A further research based on this 
method improves the definition of the COA. The authors divide the large-area system 
into different groups with similar power-angle characteristics. So the COA of the entire 
system is a function of those COAs in each area with different w ights. This modified 
method can help researchers to apply different control methods in different areas in the 
large-area system. 
Not only the methodologies in power system stability are developing, the devices 
for power system measurements and calculation have always been improving. Since the 
middle of last century, the traditional current and potential transformers were widely 
applied in North America power delivery systems by power utilities. These instruments 
descend the voltage and current values from hundreds of thousands of volts and hundre s 
of amperes to tens of volts and several amperes that can be measured directly. At the 
same time, the traditional measuring units are used to measure the real-time bus 
current/voltage magnitude, phase angle and power flows. And control and protection 
decisions were made upon these measurements. Though these traditional phasor
measurement units have enough accuracy level, there are major shortages in using these 
equipments. Firstly, these devices are settled at different places ll around a power 
system and controlled by power cables connected to the controlling center. So for devices 
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at different locations, the time for signals to send forward or back were different. We 
know that in system protection scheme, all the parameters involved in the calculation 
should be under the same time reference. Without a reference time signal, it was hard to 
obtain the simultaneous measurements even though the length of each cable transmitting 
signals was carefully considered. Thus, the calculations based on these measurements, as 
the system power transfer margin or generation capability, may be not as accurate as they 
were supposed to be. This would place the system in danger. In rece t years, the power 
transmission networks around America became larger and larger. The latest controlling 
and protection methods are all based on large-area system with hundreds of thousands of 
nodes. The traditional unsynchronized devices could no longer offer accurate 
simultaneous signals through out a large scale system. Under this background, 
Synchronized phasor measurement units (synchrophasors), the measuring device of new 
generation in power system was invented.  
The synchrophasors measure the power system parameters at the secondary side 
of the system where the voltage and current values are already r duced by potential and 
current transformers, and report synchronized phasor measurements back to controlling 
center. With the clock signals received from the satellites in global positioning system 
(GPS), it provides the same reference sinusoidal wave simultaneously to all 
synchrophasors located at the different positions in the same system. So that the phasor 
measurement unit (PMU) can record precisely the phase measurements as voltage 
magnitude, phase angle and apparent power, etc. This device is intell ge  with micro 
processors inside. So it can easily upgrade and work with other digital instruments.  
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Synchrophasors can be used in many applications in power system generation, 
transmission and distribution [14]. These applications include real-time monitoring of the 
system, real-time state measurements and the monitoring of disturbance, state estimation, 
system transient stability monitoring and wide-area protection. Different applications 
need different measurement accuracy. The higher security level the application requires, 
the higher data accuracy it will have. So that for the online monitoring f disturbance and 
transient stability monitoring, largest real-time data with shortest time-gap for each 
measurement are required. The steady state monitoring needs the fewest measurements 
(least precise).  
Nowadays the synchrophasors have already been implemented worldwide. 
According to a recent report [15], “some large-scale phasor measurement deployment 
projects, such as the Eastern Interconnection Phasor Project (EIPP) supported by DOE 
(U.S. Department of Energy), have been initiated.” Other countries have also taken 
experiments. In 2006, China's Wide Area Monitoring Systems (WAMS) for its 6 grids 
had 300 PMUs installed mainly at 500 kV and 330 kV substations and power lants. By 
2012, China plans to have PMUs at all 500kV substations and all power plants of 
300MW and above [16]. 
With the popularization of synchronized phasors in power utilities, the voltage 
stability analysis methods are also evolved by applying the synchronized measurements. 
For those methods mentioned above, especially VSI methods, the PMU measurements 
could apply much more accurate data for both calculation and analysis.  
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The first development is applying “real-time” data into calculation. For the static 
methods, present researches mainly focus on how to find out the system operating margin 
through finding out the most sensitive (or weakest) bus/branch using mathe atic tools, 
e.g. the VSI (Voltage Stability Index) methods. Some methods are test d or trained using 
the data from traditional phasor measurement units. Using the simulation results, 
different sensitive buses in different sensitive areas are identified, sometimes the sensitive 
bus may not be only one in one region. But for the operators in power plants and control 
centers, the difficulty and complexity of real-world contingencies would make the 
measurements far different from the simulated measurements. The most sensitive bus in 
the test may not be the one that is influenced most in real world c ntingency. This is 
partly due to the calculation in the simulation are not using simultaneous data for the test 
system has no implied synchrophasors. While in the transient period when a contingency 
occurs, the voltage magnitude and angle vary remarkably in very short time period. The 
previous technology in measuring could cause time delays throughout a wide-area power 
transmission system. For a research in the PMU manufacturer standard [14], conceptually 
the signals obtained by GPS-synchronized equipment with time reference have better 
than 1 microsecond in time accuracy with precision and better than 0.1% in magnitude 
accuracy. By applying the PMU measurements, a more accurate system stability margin 
can be acquired based on the simultaneous measurement data, which can not be precisely 
obtained before. Thus the method can fit the real world cases better.  
On the other hand, for dynamic methods, the high speed and high accuracy of 
PMU measurements make real-time system transient stability monitoring more accurate. 
 13
The dynamic methods call for high-level real-time state measurements and the accuracy 
of the dynamic functions to describe power system’s characteristics under transient 
situation, which can both be satisfied by synchronized phasors. Using the feedback data 
from PMUs, more reliable models of transient system characteristics can be obtained. 
And accurate results of dynamic calculation could help the operators in power plants or 
controlling center to evaluate about the trend of the power system. One real disturbance 
due to a lightning event [17] happened in Taiwan demonstrated the advantage of PMU 
data based real-time transient stability monitoring. While the traditional system state 
estimation can not detect the disturbance and give solution, the event was recorded 
exhaustively by PMUs. While employing a proper dynamic method, a serious 
contingency could be avoided. 
Several issues need to be considered in synchrophasor implementation. The first 
thing is dealing with bad data. Although synchronized phasors offer more accurate and 
reliable measurements, compared with traditional devices, bad data at receiving end 
could not be avoided. Many factors could generate bad data in power systm, including 
the failure of synchrophasor itself, occasional miscalculation and mistakes in data 
transmission. Bad data is even worse than no data. It would lead the vol age stability 
detection and protection algorithms to produce false results and return unreasonable 
solutions. This can greatly harm the power system; therefore bad dat  needs to be 
eliminated. Many methods concerning screening and eliminating bad dat  are developed 
in recent years. One of those methodologies is called super-calibrator [14], which may 
reside at the substation and operate on the streaming data. It is pplied with real time data 
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on a continuous basis because of its fast processing time and minor latency. It needs a 
statistical estimation of both the characteristics of PMUs and detailed models of the 
generating units and substation including the model of the instrumentation. No matter 
how accurate the measurements obtained from the synchrophasor are, it is v ry important 
to distinguish bad data.  
Communication bandwidth and Data storage capability are two major aspects 
contributing to the accuracy level of synchrophasors. Technically the communication 
bandwidth decides the maximum data that can be transferred to the c ntrolling center in 
each period of time. The larger bandwidth is, the more detailed measurements that can be 
obtained for system stability monitoring. And the data storage capability is a very 
important parameter for large-area power system. According to Roy Moxley’s report 
[15], the lowest monthly data storage requirement for a system with 8 PMUs installed is 
5.14 GB, while the highest requirement is 102.89 GB. A reasonable system of n 
contains tens to hundreds of synchrophasors. So the data storage capability should be 
carefully considered. 
Another major issue in synchrophasor implementation is finding the best locations 
to install PMU devices. Nowadays many power systems in North America are installed 
with microprocessor based relays. These relays are equipped with micro computing 
processor units and corresponding protection programs. Many microprocessor based 
relay models include phasor measurement units that if certain programs are installed and 
commands are given they can be used as PMUs.  If reference signal receiving unit is 
equipped, they can work like synchrophasor as well. But not very many rela s are 
 15
working in a synchrophasor mode in American power systems now. According to a 
Schweitzer Engineering Laboratories (SEL) presentation was recently given in Clemson 
University Electrical Power Research Association (CUEPRA) 2009 fall meeting at 
Columbia, SC, there are about 20,000 synchrophasors put in use in North America. 
Although the implementation of synchrophasors becomes a trend, power utilities still 
work on selecting the most sensitive and effective locations for PMUs implementation 
with minimum number of devices for economical reason. Many research works have 
been done on this subject. One way is to find the most sensitive buses in each area of the 
system. The VSI method can help to decide the sensitive buses. And another method is to 
run large-area state estimation of the system to detect the most suitable implementation 
locations. 
In the proposed method presented in this thesis, two indices VSI_1 (New Voltage 
Stability Index based on active power transfer) and VSI_2 (Time diff rential Index of 
Voltage Stability based on active power transfer) are carried out by calculating the 
voltage, angle and power transferring at the receiving end of the load bus upon a 
Thevenin transformation of the power system. By computing the indices, th  margin of 
the index and the system stability can be obtained. Several continge cy cases are 
simulated to test the predictive ability of the index. Dynamic simulations using the PSS/E 
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2.1  The principle of Thevenin 2-bus equivalent system 
 
Equivalent systems are widely used in power system analysis and simulations. For 
large-area system stability assessment, it needs huge amount of computations for each 
iteration in dynamic simulation/real-time monitoring since calculations require to 
recalculate the system impedance matrix or admittance matrix each time step. 
Considering a large-area system with hundreds of thousands of buses, the computation 
period is time consuming. Thus, Thevenin equivalent is widely performed in voltage 
stability methods to reduce computation time. 
To achieve an equivalent system, system elements in several categories are 
defined as: 
Source System 
A power system representation which contains all comp nents of all 
study/external systems as a subset of its own components. It is used to 
solve for the base conditions within the external system. 
Study System 
A group of buses under detailed study; all components are represented 
explicitly. 
External System 
A group of buses and branches that connect to and influence a study 
system, but do not need to be represented in detail. 
Boundary Buses 
Buses from which branches run into either a study system or one or 
more external systems. 
Retained Buses 
A bus of the external system which is also a bus of the electrical 
equivalent. A retained bus is not necessarily a boundary bus, but all 
boundary buses are retained buses. 
 
Table 2.1: Definitions of system elements [19] 
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According to the definitions above, several assumptions and simplifications can 
be made for voltage stability methods. 
1) The source system is the full system includes all buses and generations. The study 
system, the subsystem where contingencies or disturbances occur, is a part of the source 
system. The other portions of the source system, which are defined as xternal systems, 
can be eliminated in structure due to their minor effect on the study system. 
An electrical equivalent is constructed by performing a matrix reduction on the 
bus admittance matrix of the external system that is to be repres nted by the system 
equivalent. The buses in external systems need to be eliminated. It is assumed that the 
voltage and current at the eliminated buses are linearly dependent on the voltage and 
current at the retained buses. And for those current going through the delet d buses, a set 
of equivalent currents must be impressed on the retained buses to reproduce the effect of 
load currents at the deleted buses. These equivalent currents may be tr nsformed to an 
equivalent constant real and reactive power loads at the retained buses. 
2) The boundary buses are the buses from which branches run into either a sudy 
system or one or more external systems. Commonly the boundary buses are carrying the 
exchange in power flow between different subsystems. While the quantity of the 
exchange in power is decided by the utility’s schedule, it can be kept constant during 
contingencies. The boundary buses may be modeled as constant active and reactive loads 
due to the characteristics of the exchange in power. 
3) The Thevenin equivalent of two-bus system transformation method is generat d 
for each load bus in the study system. That is, while evaluating the voltage variations at 
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certain bus at a certain time, the impedance and admittance matrices of a system is 
determined and modified using Kron reduction. Simultaneously, the power gen ations in 
the study system at certain time period (for instance: 0.0083 second for half a cycle) are 
constant and can be transferred to equivalent load (but have negative values). Thus, 
through these transformation steps, the study system is eventually modified into two-bus 
system. One bus is a load bus of concern and the other bus is an equivalent system slack 
bus that contains all previous generations in the original system ar replaced by an 
















2.2  Voltage Stability Indices based on Power Flow functions 
 
Figure 2.1: Two-bus System 
 
Figure 2.1 shows a typical Thevenin equivalent system after network 
transformation. The generator refers to the equivalent system generation which has a 
terminal voltage E1. Bus one is the Thevenin equivalent bus which has a voltage 
magnitude V1 equals to the generator E1. The voltage angle is set to b  zero to simplify 
the calculation. The impedance network is totally transformed to the Thevenin equivalent 
impedance Z = R+jX, which has an impedance angle ξ. Bus 2 is a load bus under study 
and has a voltage phasor V2 at angle θ. ZL is the equivalent load impedance. At different 
loading conditions, the system Thevenin equivalent needs to be modified at each time. 
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2.2.1 The voltage stability index model_1 
The derivative of active/reactive power at receiving end shows the changing trend 



























               (6) 













                              (7) 
 22
When equation (5) equals zero, the system is under the stable condition or the 
load side can receive the maximum active/reactive/apparent power through the 
transmission line as: 
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The active power transfer margin is defined as:










V . At that point, no more active power can be transferred through the 
transmission lines.  
So the New Voltage Stability Index based on active power transfer (VSI_1) may 


















VSI                                                                              (10)   
This Index should always vary from 0 to 1. And when it comes near boundary, it 
means the system is close to be collapsed. 




Figure 2.2: A typical P-V curve 
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2.2.2 The VSI function based on the active load flow model_2 
As stated in the previous section, the P-V curve at a bus shows condition of 
voltage stability. The slope of the curve changes refers to the change from the previous 
condition. For a typical power system with a lagging power factor, when the system is far 
from diverging, the slope is moderate and descending slightly. The clos r it is to the 
collapse point, the absolute value of the slope will until it reaches infinity at the collapse 
point. So the value of the slope can be used to evaluate the system’s stable condition.  
From equation of (11), the rate of change of voltage magnitude at receiving nd 
































For stability consideration, R is defined as the negative value of the derivative of 




























R                                        (15) 





− 2  varies from 0 to infinity along the upper part of the curve. And 





− 2  will be negative. So the VSI based 













=        k = 1, 2, 3…, 10                                                      (16) 
The equation (16) has a value region from 0 to 1 that represents the stable region 
of the specific load bus which shows as the upper part of the P-V curve. This Index 
should be always less than 1. And when it comes near 1, it means the system is close to 
collapse. When the system reaches the collapse point, according to the Newton-Raphson 
method’s calculation, the index’s value would be negative. This index effects in a power 
system with a lagging power factor. It is noticed that in a system with shunt 
compensations, the P-V curve of the system may go up after the compensated point and 
have a positive slope at the upper curve. So for VSI_2 index, it should be noticed that the 
index only consider the slopes that have negative values. Any positive value will return to 
a STABLE condition based on the index. Or when the slope is above zero, the system is 
becoming far from the maximum load margin and of course, is stable. So the VSI_2 will 
restart to effect at the next point when the slope immerge down zero axis after shunt 
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compensation, which means the system shows its trend to become unstable. The 
STABLE judgment made by VSI, however, doesn’t necessarily means the system is 
stable, other safety margin threshold as maximum voltage magnitude needs to be applied 
to prevent over-compensation.  
The speed factor “k” is added to modify the increasing speed of the index thus 
polarize the values of the index, which makes it clear for identification. As stated in the 
previous chapter, the major interest in the voltage stability assessment is on the bus 
voltage reaction towards heavy load increase. Thus for an index, the research focus is on 
the fast-increasing portion of the index approaching the point of voltage collapse when 
the requested power is not realizable. While the index loses converge, the index’s value 
will return false results due to the failure in Newton-Raphson calculation and the false 
results will be magnified by applying factor k. In the stable portion of the index, the 
factor k reduces the index’s values much greater in light loading conditions than heavy 




SIMULATION AND RESULTS 
 
3.1  Equivalent Impedance Assumption 
 
Both in static and dynamic simulation, if the system structure is not changed, for 
the simulation at each load bus, it is assumed that the Thevenin equivalent impedance 
remains the same even with load variations. This is only an approximation, in fact, 
according to the power flow calculation, the Thevenin equivalent impedance will change 
slightly during load increase, which is a result of he change of power flow distribution of 
the system due to the increase.  
 
Figure 3.1: Typical Thevenin impedance characteristics 
 
From the simulation that shown in Figure 3.1, the equivalent impedance changes 
0.55%, which is 0.0003 p.u. in value (based on a 100MVA system base and a 69KV 
voltage base),  from no loading condition to the maxi um loading condition (1930 MVA 
at load bus 3). When the system goes beyond stable region (the right side of the dotted 
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line), the Thevenin impedance has a larger change i magnitude. The certain simulation 
shown in the figure has a change is about 3.5% p.u. in first 3 p.u. load increasing. On the 
other hand, if the system structure is changed due to a contingency like three phase short 
circuit, the equivalent impedance of the system will definitely change. 
 
3.2  Contingency Simulation and Analysis 
All simulations are based on PSS\E 31 software using IEEE-39 bus system (The 
detailed introduction of IEEE-39 bus system please se the Appendix A and B). The 
Thevenin equivalent system is performed at each load bus in each single simulation. For 
each contingency case at one load bus, the simulation runs from no loading condition 
initially to the maximum loading condition. 
For each index, the maximum permissible loads of all lo d buses in the power 
system were calculated. The load flow results from the simulations were used to calculate 
the VSI_1 and VSI_2 Index values. Table 3.1 shows the maximum permissible load for 
each load bus and its corresponding VSI_1 and VSI_2 values. 
 
3.2.1 VSI_1 Simulation results 
3.2.1.1 Static Simulation 
Table 3.2 shows the VSI_1 value at the maximum permissible load point for each 
load bus in the 39-BUS system. This table shows the maximum permissible loads at load 
buses vary from 1370 to 2280 MVA. The VSI_1 values at the maximum points are very 
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3 1930 0.9901 
4 2180 0.9362 
7 1910 0.9688 
8 2155 0.9607 
12 1372 0.9401 
15 1910 0.9896 
16 1955 0.9898 
18 1750 0.9888 
20 2215 0.9770 
21 1850 0.9831 
23 1855 0.9713 
24 1905 0.9856 
25 1800 0.9603 
26 1710 0.9443 
27 2180 0.9863 
28 1735 0.9645 
29 1805 0.9501 
 
Table 3.1: The maximum permissible load and VSI_1 values 
 
One specific case is selected from the simulation. The increase of load at Bus-3 
along with the voltage magnitude and VSI_1 values as shown in Table 3.2. The 
maximum permissible value at this bus is 1930 MVA. The VSI_1 has a value of 0.6391 
at its initial power flow condition 322 MVA and its ummit value is 0.9901 at the 




VTH=1.00; ZTH= 0.001291 + 0.045753i @ Bus-3 
P (MVA) V2 VSI_1 
322 0.9878 0.639061718132907 
500 0.9848 0.756284438515328 
1000 0.9689 0.902678400372476 
1400 0.9455 0.953648754370405 
1500 0.9372 0.962542000290038 
1600 0.9275 0.970407715547683 
1700 0.9156 0.977392892160683 
1800 0.9003 0.983537992736693 
1900 0.8765 0.988827222747097 
1930 0.8628 0.990099009900990 
 
Table 3.2: Static measurements and VSI_1 values 
 
The characteristics of voltage and VSI_1 values for active power are drawn in 
Figure 3.2 for each load bus. According to the explanation in previous chapter, the VSI_1 
Index increases along with the increase of the loadand will reach a high value near 1.0 
before the branch meets its maximum capability. When the system goes beyond its 
capability, the Newton-Raphson method used in static c lculation diverges.   
A threshold can be calculated and used to express the dangerous zone for each 
branch (in this thesis, a threshold of 90% may be appropriate), an index moving up into 
this threshold means the voltage at the receiving ed of the branch is very likely to 
collapse if the load continues to increase. And further controlling method should be used 
to avoid the collapse. 
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Figure 3.2: Static VSI_1 characteristics of Bus-3 
 
3.2.1.2 Threshold Decision 
Consider the maximum permissible load in Table 3.1, setting the 90% of the 
maximum permissible load at each load bus as the “safety zone” of the load, and then I 
calculate the specific VSI_1 values at these points for each bus, thus: 
Threshold (i) = {VSI (i) at 90% max-permissible load} 
      i = 3, 4, 7, 8,…, 29 for load bus 
 In this 39-bus system, when the load bus-20 reaches t  maximum permissible 
load, it has the lowest VSI_1 value 0.906. 
 
 
3.2.1.3 Selection of Sensitive Bus using VSI method 
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The definition of “sensitive bus” is always complex. Normally, sensitive bus 
refers to the bus which often has the most obvious reflection towards a random 
contingency in a system. Selecting sensitive buses is essential for a large-scale power 
system in status monitoring and contingency protection [20]. Nowadays many power 
systems in North America are installed with microprocessor based relays. Many 
microprocessor based relay models include phasor measur ment units that they can be 
used as PMUs if certain programs are installed and commands are given.  If reference 
signal receiving unit is also provided, they can work like synchrophasors as well. In 
North America power systems not many relays are working in a synchrophasor mode. 
According to a SEL presentation recently given in Clemson University Electrical Power 
Research Association (CUEPRA) 2009 fall meeting at Columbia, SC, there are about 
20,000 synchrophasors used in North America. So that for a wide-area power system 
with hundreds of thousands buses, the system operation control largely depends on state 
estimation, which needs partly real-time data and partly estimated data, other than state 
monitoring which needs real-time data for all buses. In state estimation, those sensitive 
buses are very important as they present the whole system’s operating condition. 
Considering the disturbance or contingency may happen at any possible location in the 
system, the sensitive bus is not necessarily the most apparent influenced at each time. 
There are many aspects can be selected as a standard for choosing the sensitive bus. 
Some are physical limitation of the system, as the power-transfer limitation of 
transmission lines connected to the bus, or the maxi um permissible load each load bus 
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can have. Some are considering the voltage and angle derivations at each bus towards 
faults at different locations in the system.  
From Table 3.1, it is not difficult to see that load buses vary in maximum 
permissible load values and Bus 12 has the lowest prmissible load value. So it may be 
ranked to have the highest falling possibility for l ad increasing contingency. It is 
assumed to collapse first when the fast load increase contingencies with a same amount 
occur at all these load buses. This bus can be the most unstable bus in this power system. 
On the other hand, Bus-20 has the lowest ranking may be seen as the strongest load bus 
in this power system neglecting any contingencies. 
Alternatively, the VSI can be used in selecting sensitive buses in a power system. 
It can be observed that for a random fault occurs in the power system; the bus at the near-
end will be influenced most seriously. And the sever  l vel at each bus is decided by the 
distance it is from the fault point. Take three phase short circuit as an example, the 
voltage at the short circuit point has the lowest value, and the voltage at other point 
equals the voltage at the disturbance point plus falt current multiply the fault impedance 
between the disturbance point and certain bus. The impedance value depends on the 
distance from the node to the disturbance point. The longer the distance is, the larger the 
impedance is. So it may not easy to say which bus is more sensitive just by comparing 
their reactions under the same fault condition. Butif the same type of contingencies is 
applied at the different load buses, the sensitivity of each bus may be evaluated and 
compared. Considering VSI_1 has a better performance i  load increase contingency 
cases than fault cases, the VSI_1 curves for load increase are used for sensitivity analysis. 
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Figure 3.3: Static VSI_1 curves of several buses in 39-bus system 
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Figure 3.3 shows the voltages and VSI_1 curves of some load buses in the study 
system. It can be seen the static characteristics of Bus 3, 4, 7 and 12. The VSI_1 curve at 
each bus has a similar shape but differs in slope and magnitude region. Just among the 
Figure 3.3, we may find the VSI_1 curve at load bus7 has the highest starting value and 
the VSI_1 value at load bus 12 is also high, respectively. This means the start condition 
of these two buses are closer to the stable boundary compared with other buses but not 
necessarily show those buses more sensitive. It may be said the curve has the quickest 
increasing trend reaction towards the contingency and this helps us to decide the most 
sensitive buses. So the load derivative of VSI_1 is calculated to check the slope increase 
of the curve, especially the portion near the collapsing point.  
 
Bus Number The slope of VSI_1 at the last 3 p.u. increase Average slope 
3 0.00699 0.00615 0.00529 0.006143 
4 0.00628 0.00663 0.03261 0.015173 
7 0.00299 0.00327 0.00461 0.003623 
8 0.00428 0.00433 0.00763 0.005413 
12 0.00606 0.00933 0.00517 0.006853 
15 0.00876 0.00710 0.00217 0.00601 
16 0.00926 0.00751 0.00436 0.007043 
18 0.00581 0.00456 0.00109 0.00382 
20 0.00531 0.01311 0.00210 0.00684 
21 0.00494 0.00124 0.00155 0.002577 
23 0.00315 -0.00247 -0.00914 -0.00282 
24 0.00663 0.00360 0.00364 0.004623 
25 0.01412 0.00413 0.00104 0.00643 
26 0.00389 0.00378 0.00209 0.003253 
27 0.00653 0.00438 0.00322 0.00471 
28 0.00485 0.00466 0.00279 0.0041 
29 0.00533 0.00460 0.00421 0.004713 
 
Table 3.3: Slopes of VSI_1 values near the collapsing points 
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From Table 3.3, it can be found that among the slopes of VSI_1 near the 
collapsing points, Bus 4, 12 and 16 of the all load buses in IEEE 39 bus system have the 
largest increasing slopes, which means the VSI_1 is more sensitive at these buses when 
heavy load increase occur averagely at each load bus. It may be noticed that Bus-12 is 
inside this sensitivity group while it has the lowest permissible load value. From both the 
maximum permissible load point and the severe VSI values change point it may be 
assumed that the buses which has lower maximum load margin and more violent changes 
in VSI values may be selected as the sensitive buses in power system. 
 
3.2.1.4 Dynamic Simulation 
The simulation is based on IEEE 39-Bus system using PSS\E 31.2 program 
(detailed dynamic models see the Appendix).  For every dynamic load increase 
simulation, in each 0.1 second, the load at the specific load bus increases at a rate of 10 
MVA. The Thevenin equivalent impedance ZTH is checked at each step and the Index is 
acquired by computation. Time-voltage curves are plotted. 
 
The dynamic load increase simulation steps are as follows: 
1. Build up dynamic simulation system, input all parameters, and calculate the start 
condition; 
2. Run simulation, increase load at every circulation; 
3. In each loop, recalculate the Thevenin equivalent impedance and the equivalent 
system, obtain V1, Z, run simulation obtain V2 and gle at receiving end; 
 38
4. Use the measurements obtained in step 3 to calculate VSI value. 
 
The sensitive buses that obtained from previous analysis are selected to 
demonstrate dynamic simulation, so that it may better reflect the system’s characteristics 
than other load buses. It can be shown in Figure 3.4 that along with the increase of the 
load at certain load bus, the index goes up.  
 
Figure 3.4: VSI_1 values vs. Time at Load Bus-4 
 
It can be seen in Figure 3.4 that the network failed to acquire a converged value at 
time equals 10.875 second. It can be found that when t  system is close to fail, the 
VSI_1 value at Bus 4 increases rapidly closing to 1, respectively. The index estimated the 
collapse of the voltage at certain bus before the system reaches its collapsing point.  
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Figure 3.5: VSI_1 values of Bus-4 and 16 
 
Figure 3.5 shows the comparison between the VSI_1 values of Bus-4 and Bus-16, 
respectively. For both load buses at the edge of collapse, the Bus-16 has the higher VSI_1 
value changes in the edge while it has the lower voltage magnitude when it fails to 
converge. Considering the VSI value of certain node in icates the safety condition at that 
node. A larger VSI variation demonstrates the node is larger influenced towards this load 
increase.  
 
Figure 3.6: VSI_1 values of Bus-15 and 16 when line 15-16 is tripped 
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Figure 3.6 shows the change of VSI_1 at Bus-15 and 16 when line 15-16 is 
tripped from the system. The line between bus 15 and 16 is tripped at t = 1s and the 
voltage magnitude at bus 15 drops to 0.8 p.u. while t e voltage at Bus-16 increases a little 
due to the change of the power flow. This change leads to an increase in VSI_1 of Bus-15 
and 16, respectively. While the line is reclosed at t = 4s, the VSI_1 value returns to the 
initial point. This simulation demonstrates that the outage between bus 15 and 16 does 
not necessarily lead to the collapse of the system, but it will increase the risk of system 
instability. The increase of VSI_1 shows this trend. 
Losing generation is another relatively severe disturbance in power systems. 
Although in large scale power system, one or two generators out of service may not lead 
the system to be unstable. It will introduce low voltage magnitude into the system and 
raise the duty on other machines then increase the unstable potential of the whole system. 
In the simulation, different generators were tripped each time and calculate the VSI 
values at the same bus, investigating how these continge cies introduce different 
influences at the same point in the system. 
Figure 3.7 shows the performances of VSI for generator tripping. The system 
experiences sudden voltage drop for a short time aft r the generator’s out of service 
(when T=1 second) and oscillates for a period of time for about ten seconds. When the 
system returns to a new balanced condition, the voltage magnitudes decrease at load 
buses. In contrast, the VSI values start from a reltively small value, referring stable, then 
goes up when contingency happens and oscillate, in the end stay at higher values. This 
means although the system remains stable after tripping one generator, it is closer to the 
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collapse point than before contingency. In the oscillating period, although the system 
situations change rapidly, the system’s stability isn’t critically influenced. 
 
Figure 3.7: VSI_1 values of Bus-15 when generators are tripped 
 
Figure 3.7 shows the voltage magnitudes and VSI variations at Bus-15 when 
different generators are tripped. In different tripping cases, the voltage has the largest 
drop in magnitude and the VSI has the largest final value when Gen-35 is tripped. This 
indicates that when compared with other generators in the diagram, Gen-35 has the 
biggest influence to Bus-15. In other words, Bus-15 is sensitive to Gen-35. 
The influences of same generator tripping to different buses are also investigated. 
Figure 3.8 shows the VSI values at Bus-15 and 16 when t e Gen-34 is tripped. The 
voltage at load Bus-15 is slightly less influenced by this contingency. This is also 
reflected into a slight higher VSI_1 value. 
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Figure 3.8: VSI_1 values of Bus-15, 16 when Gen-34 is tripped 
 
 The performance of all 17 load buses are studied by tripping one generator out of 
system each time of all nine generators (not including the reference generator). Tripping 
generator contingencies can be separated into two groups: system stable and system 
unstable. The characteristics of the two groups are distinct. Gen-30, 33-37 belong to 
group 1. The voltage magnitudes at each load bus decrease in some extent towards the 
contingency but remain stable and keep angle deviation no larger than 180 with the 
reference. In this case, the angle-sensitive buses can be detected by comparing the VSI_1 
values at all load buses.  And Gen-31, 32 and 38 belong to group 2. In this situation, the 
system is out of control after the tripping.  
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Figure 3.9: VSI_1 values of some load buses when Gen-33 is tripped 
 
Figure 3.10: VSI_1 values of some load buses when Gn-32 is tripped 
 
The first group is what is mainly concerned about. The maximum variation of 

















30 3.2338 23 2.2838 20 0.7373 28 
33 0.4076 28 0.3315 23 0.2872 20 
34 0.4983 28 0.4565 23 0.2204 20 
35 0.5966 20 0.3679 28 0.1781 25 
36 0.7233 20 0.4642 28 0.1593 4 
37 1.7957 20 1.4752 23 0.3957 28 
 
Table 3.4: The maximum VSI_1 variations when generators are out 
 
 Among all load buses, Bus-29 has a largest VSI_1 variation nearly for every case. 
Apart from Bus-29, the maximum VSI_1 variations at e ch load bus are calculated.  So a 
conclusion can be drawn that Bus-29, 20, 23 and 28 have the most generator-sensitive 
characteristics. Thus if how changes in generators c ntribute to the system needs to be 
identified, those buses are the first locations need to be investigated.  
 
3.2.2 VSI_2 Simulation Results 
3.2.2.1 Static simulation 
Table 3.5 shows the maximum permissible load point and VSI_2 regions for each 
load bus in the 39-BUS system. From the table we can see the maximum permissible 
loads at load buses vary from 1370 to 2280 MVA. The VSI_2 values at the maximum 












3 19.30 0.1930 - 1 0.0164 - 1 
4 21.80 0.3903 - 1 0.0952 - 1 
7 19.10 0.5271 - 1 0.2018 - 1 
8 21.55 0.3877 - 1 0.0936 - 1 
12 13.72 0.1227 - 1 0.0053 - 1 
15 19.10 0.0666 - 1 0.0011 - 1 
16 19.55 0.7706 - 1 0.5213 - 1 
18 17.50 0.2242 - 1 0.0238 - 1 
20 22.15 0.0677 - 1 0.7013 - 1 
21 18.50 0.1319 - 1 0.0063 - 1 
23 18.55 0.7453 - 1 0.4795 - 1 
24 19.05 0.2692 - 1 0.0376 - 1 
25 18.00 0.0955 - 1 0.0028 - 1 
26 17.10 0.5098 - 1 0.1856 - 1 
27 21.80 0.4233 - 1 0.1436 - 1 
28 17.35 0.3221 - 1 0.0862 - 1 
29 18.05 0.2879 - 1 0.0772 - 1 
 
Table 3.5: The maximum permissible load and VSI_2 regions 
 
One specific case, load increase on Bus-3, is selected from the simulations. The 
increase of active power along with the voltage magnitude and VSI_2 values are shown 
in Table 3.6. The maximum permissible value of thisbu  is 1930 MVA. The VSI_2(2) 
starts from 0.1930 and VSI_2(5) from 0.0164 at its initial power flow 322 MVA, to its 







VTH=1.00; ZTH= 0.001291 + 0.045753i at Bus-3 
P V2 VSI_2(2) VSI_2(5) 
3.22 0.9878 0.192959502765361 0.0163555603675016 
5 0.9848 0.464640912302835 0.147161300963509 
10 0.9689 0.807128809386657 0.585271158188738 
14 0.9455 0.920221232547476 0.812326505543886 
15 0.9372 0.939608705821073 0.855790734333495 
16 0.9275 0.956680606890247 0.895194542549126 
17 0.9156 0.971803377021205 0.930992130016388 
18 0.9003 0.985183450087503 0.963369225899158 
19 0.8765 0.996935108536570 0.992355375265428 
19.3 0.8628 1 1 
Table 3.6: Some typical static measurements and VSI_2 values 
The characteristics of voltage and VSI_2 values for active power are drawn in the 
same figure for each load bus. According to the explanation in previous chapter, the 
VSI_2 Index increases along with the increase of the load and will reach a high value 
near 1.0 before the branch meets its maximum capability. A threshold can be calculated 
and used to express the danger zone for each branch. A  Index moving up into this 
threshold means the voltage at the receiving end of the branch is very likely to collapse if 
the load increase does not stop. And further controlli g method should be used to 
eliminate this danger. 
 
Figure 3.11: Static VSI_2 characteristics of Bus-3 
 47
Unlike the VSI_1 curve we discussed above. VSI_2 index itself represents the 
trend of the system toward a contingency. The severe level is indicated by the value of 
VSI_2. The curves of each load bus can be simply compared to see the differences. Some 
of the curves are shown in Figure 3.12. 
 
Figure 3.12: Static VSI_2 curves of several buses in 39-bus system 
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Figure 3.12: Static VSI_2 curves of several buses in 39-bus system 
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Figure 3.12 shows the voltages and VSI_2 curves of some load buses in the study 
system. It can be seen the static characteristics of Bus 3, 4, 7, 8, 12, 15, 18 and 26. We 
can simply compare the values of each index at certain points (for instance, the last 3 p.u. 
portion of stable region). By comparison it can be found that Bus 12, 15 and 21 out of the 
total 17 load buses have the largest index values at the edge region of their collapse 
points.  
 
3.2.2.2 Dynamic simulation 
The simulation is based on IEEE 39-Bus system using PSS\E 31.2 program 
(detailed dynamic models see the Appendix).  For every dynamic load increase 
simulation, in each 0.1second, the load at the specific load bus increases at a rate of 10 
MVA. The Thevenin equivalent impedance ZTH is checked at each step and the Index is 
acquired by computation. Time-voltage curves are plotted. 
 
Dynamic Load Increase Simulation Steps: 
1. Build up dynamic simulation system, input all parameters, and calculate the start 
condition; 
2. Run simulation, increase load at every circulation; 
3. In each loop, recalculate the Thevenin equivalent impedance and the equivalent 
system, obtain V1, Z, run simulation obtain V2 and gle at receiving end; 
4. Use the measurements obtained in step 3 to calculate VSI_2 value. 
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It can be shown in Figure 3.13 that along with the increase of the load at certain 
load bus; the index goes up step by step.  
 
Figure 3.13: VSI_2 curves vs. time at Load Bus-4 
 
The network failed to converge at time 10.875s. It can be seen from the figure that 
when the system is close to failure, both the VSI_2 (2) and VSI_2 (5) values at Bus-4 
increase rapidly. The index estimated the collapse of the voltage at certain bus before the 
system reaches its diverging point.   
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Figure 3.14: VSI_2 values of Bus-4 and 16 
 
Figure 3.14 shows the comparison between the VSI_2 curves of Bus-4 and 16, 
respectively. For both load buses at the edge of collapse, the Bus-16 has the lower 
voltage magnitude when it fails to converge, compared with Bus-4. The indices can be 
simply compared using the value derivations at the very edge of collapse. At Bus-4, the 
variation in the last 200 MVA is about 0.11 for VSI_2(2) and 0.175 for VSI_2(5) while 
the values are 0.155 and 0.185 at Bus-16. It may be concluded that the Bus-16 has a 
larger reaction towards load increase than Bus 4 so it’s better to be chosen to describe the 






3.3  Application of VSI methods on System Stability analysis 
As we discussed in the previous chapter, the voltage stability index can be used in 
the wide-area power system stability monitoring and protection. By setting up proper 
threshold for each monitored node, the system’s stability condition and its trend can be 
estimated through local VSI values. Then, if a contingency goes beyond the pre-settled 
threshold, control actions can be applied to prevent the system from collapse. For the 
power utilities, when a severe contingency occurs, they may apply switching shunts into 
the system as a first choice to avoid voltage collapse and restore stability. Switching 
shunt compensation would supply reactive power intothe system. It enlarges power 
plants’ capacity, improves the system’s power-angle characteristics and correspondingly 
raises the voltage magnitude. There are other ways to prevent system from collapsing, 
such as load shedding, which is achieved by modifying the load amount delivered to each 
consumer, and tripping transmission lines or generation. 
So for the real-time system stability monitoring and protection, VSI is the tool to 
detect the stability condition of the system, and applying shunt compensation is the 
solution for protecting the system. Figure 3.15 shows this concept. 
In the previous chapters, a threshold for the indices is defined. It is the standard 
for the monitoring system to evaluate whether the system is stable or not. If the specific 
VSI values at those load buses go above the threshold, actions, such as shunt 
compensation, will be applied. When the control actions are taken, the system gains extra 
power capacity. If the system restores stability, the values of VSI will definitely descend 
below the threshold. Then we may say a successful compensation action is achieved. 
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Figure 3.15: Relationship between VSI and control actions 
 
To investigate how this process takes place, dynamic simulations based on IEEE-
39 Bus system using PSS\E 31.1 are made. Select Bus-16 a  the study bus. A switched 
shunt is connected at Bus-16. The shunt is composed with four blocks of capacitors; each 
one has a capacity of 150MVA. The control mode is selected as “discrete adjustment, 
controlling voltage locally” and for each block, it has three steps for compensation. The 
shunt is open in normal condition.  
Figure 3.16 shows the P-V curves of the load bus 16 before compensation. The 
load bus capacity after compensation increases so it increases the voltage magnitude at 
the local bus correspondingly. System restored stability from the edge of collapse. 
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Figure 3.16: P-V curve of the load Bus-16 before compensation 
 
Figure 3.17 shows the angle derivation of the generators in the study system 
before compensation and after compensation. The compensation is made at t = 16.833s. 
Further action takes place to prevent load increasing. The compensation decreases the 
generators’ angle derivation enhances system stability. 
 
 
Figure 3.17: Angle derivation of the generators before and after compensation 
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Figure 3.18 and 3.19 show the voltage magnitude curve and corresponding VSI_1 
and VSI_2 curves. The voltage magnitude increases aft r the compensation and the 
VSI_1 and VSI_2 values are also descend to their stable regions. 
 
Figure 3.18: Capacitor compensation using VSI_1 
 
Figure 3.19: Capacitor compensation using VSI_2 
 
The steps of how VSI take effect in real-time system stability monitoring and protection 
can be described below: 
1. Record real-time system parameters from proper study check points using 
synchronized devices, the real-time voltage stability index is calculated upon these 
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measurements;  
2. Compare the calculated index value with the pre-settled hreshold region, if the value 
is inside the region, repeat step 1; 
3. When the index value goes beyond the threshold by contingencies or faults, control 
action will be made, shunt compensation will be made into the system to prevent 
collapsing; 
4. Record real-time system parameters and calculate vol age stability index to check 
whether the index value returns to the stable threshold and decide further control 
actions. 
 
3.4  Comparison with other Voltage Stability Indices 
In this section, a comparison between different volage stability index methods 
based on the same IEEE-39 BUS system is investigated. The comparison is based on 
static and dynamic simulations. Hereby the Power Transfer Stability Index (PTSI) [10] is 
used for comparison.  
 
3.4.1 Power Transfer Stability Index (PTSI) 
PTSI is calculated as the ratio of the apparent power transferred and the maximum 
power can be transferred. To decide and obtain the expression of the maximum apparent 
power, the authors use the load impedance derivative of the apparent power. The index is 
calculated at every bus by using information of the load power, voltage at sending end, 
equivalent line impedance and load impedance phase angles. The value of PTSI varies 
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between 0 and 1 such that when PTSI value reaches 1, it indicates that a voltage collapse 
has occurred. The limiting option in this Index is the maximum load apparent power, 
which is defined by differential of the power to the voltage, which contains a practical 
meaning that when the load apparent power has the maximum value, the differential is at 











Where  SL is the apparent load power at the receiving end  
 ZThev is the equivalent Thevenin impedance 
 EThev is the equivalent Thevenin voltage  
 β is the angle of the Thevenin impedance 
 α is the angle of the equivalent load impedance 
Bus-3 is selected as the study bus; PTSI values are c lculated for each load 
increase, compared with VSI_1 and VSI_2. 
VTH=1.00  ZTH= 0.001291 + 0.045753i @ Bus-3 
P V2 VSI_1 VSI_2(2) VSI_2(5) PTSI 
3.22 0.9878 0.639061718132907 0.192959502765361 0.016355560367502 0.16585945705158 
5 0.9848 0.756284438515328 0.464640912302835 0.14716 300963509 0.25688212996510 
10 0.9689 0.902678400372476 0.807128809386657 0.5852711 8188738 0.51256681128550 
14 0.9455 0.953648754370405 0.920221232547476 0.812326505543886 0.71711529296965 
15 0.9372 0.962542000290038 0.939608705821073 0.855790734333495 0.76825244749412 
16 0.9275 0.970407715547683 0.956680606890247 0.895194542549126 0.81938961054446 
17 0.9156 0.977392892160683 0.971803377021205 0.930992130016388 0.87052678061610 
18 0.9003 0.983537992736693 0.985183450087503 0.96336 225899158 0.92166395653884 
19 0.8765 0.988827222747097 0.996935108536570 0.992355375265428 0.97280113738882 
19.3 0.8628 0.990099009900990 1 1 0.98814229249012 
19.5(div) 0.7697 0.941159528422614 0.952162461942846 0.884662543364718 0.99836972942463 
20(div) 0.6951 0.529388410201560 0.607828739901438 0.288040182439041 1.02393832242694 
 




Figure 3.20: Static VSI_1 and PTSI curves at same load bus 
 
 
Figure-20 shows several different VSI curves at the same load bus experiencing 
the same load increase contingency. From the figure we may see that, all these methods 
used can estimate the system’s trend to lose stable corr ctly. And in the static simulation, 
VSI_1 and VSI_2 perform higher values at the edge re ion of voltage collapse, compared 
with PTSI. 
 
Figure 3.21: Dynamic VSI_1/2 & PTSI curves at same load bus with P increase 
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Figure-21 shows the dynamic simulation with active load increase. We may find 
from the values that PTSI curve is much flatter than VSI curves and when the reactive 
power doesn’t change very large, the PTSI values have a rather flat slope, while VSI_1 
and VSI_2 performs rather well in this case. 
For full apparent load increases (both active and reactive power increase), the 
load bus-16 increases at a rate of 10 MW+10 MVAR/0.1 second, the PTSI and VSI_1/2 
all estimated the collapsing of the system by a rapid increase in curve slopes at the 
margin of the safety area. The PTSI curve still performs rather flat during all increasing 
operation while VSI_1 and VSI_2 have very obvious slope increases. So it can be 
demonstrated that the VSI_1 and VSI_2 have more apparent and useful characteristics in 
analyzing power shortage assessment. 
 
Figure 3.22: Dynamic VSI_1/2 & PTSI curves at same load bus with S increase 
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In the generator-tripping simulation, the differencs of the indices’ performance 
under same condition are more apparent. In figure 3.23, generator at Bus-34 is tripped 
from the system at t = 1s. The voltage magnitude at neighbor load bus-15 experiences a 
sudden drop of about 0.11 p.u. and takes 12 second to regain stable from oscillation. The 
VSI_1 and VSI_2 curves reflect this contingency exactly and vividly. The vibrations of 
VSI_1 curves in the swing period demonstrate the system’s internal modulation action in 
generation and adjusting to regain stable. While the PTSI curve almost remains the same 
during contingency period and only grows a small bit for the generator-tripping action. 
 







EFFECT OF SIMULATED MEASUREMENT ERROR ON VSI METHODS 
 
4.1 Synchrophasor Introduction 
4.1.1 Effect of Synchrophsors on VSI Calculation 
New methods call for accurate system state measurements. In the real world, the 
synchrophasor is the tool for high-accuracy measuring. As described in the first chapter, 
the voltage and current are reduced by potential and current transformers at the secondary 
side of the system. The synchrophasors provide the magnitude and phase angle 
measurements of these system parameters and report them back to the controlling center. 
With the clock signals received from the satellites n global positioning system (GPS), it 
provides the same reference sinusoidal wave simultaneously to all synchrophasors 
located at the different positions in the same system. The phasor measurement unit 
(PMU) can record precisely the phase measurements as voltage magnitude, phase angle 
and apparent power, etc. The improved applications include real-time monitoring of the 
system, real-time state measurements and the monitoring f disturbance, state estimation, 
system transient stability monitoring and wide-area protection.  
For the static methods, present studies mainly focus on determining the system 
operating margin through finding out the most sensitive (or weakest) bus/branch using 
mathematical tools, e.g. the Voltage Stability Index (VSI) methods. While in the transient 
period during a contingency, the voltage magnitude and bus angle vary noticeably in very 
short time period. The previous measurement technology could cause time delays when 
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measuring a wide-area power transmission system, and greatly influence the accuracy of 
these methods. False results may occur and the incorrect control actions based on them 
may lead the system to a disaster. By applying the PMU measurements, a more accurate 
system stability margin could be acquired based on the simultaneous measurement data, 
which was not previously available. Thus the modeling of the power systems would 
better describes the real world cases. The PMU manufacturer standard [14] claims that 
the signals obtained by GPS-synchronized equipment with time reference have better 
than 1 microsecond in time accuracy with precision and better than 0.1% in magnitude 
accuracy.  
 
4.1.2 Synchrophasor working principle 
 The phasor measurement units (PMUs) in Synchrophasrs measure system 
parameters in real time using sampling technique. In each second they receive 
simultaneous pulse signals from GPS receivers to regulate its time clock and sampling 
clock. Sampling rates varies from 12 samples per cycle of the nominal power frequency 
in first generation to 96/128 samples per cycle in latest models.  
In each cycle of power system’s nominal frequency (60Hz in the U.S.), the PMU 
measures target parameter from as least as 12 timeso 96 times, records each sample 
measurement, forms use the sinusoid signal analog parameter inputs. Then the Fourier 
transform is carried out to change the sinusoid signal into digital magnitude and angle 
values. These digital messages containing target parameter measurements are sent back at 
a certain frame rate (up to 30 messages per second) to the controlling center. 
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 When measuring parameter phasors in each sample, two major algorithms are 
used: non-recursive method and recursive method. Non-recursive estimate method sets 
each cycle as a report window. One window contains 12 to 96 samples in a row. Fresh 
calculations are made for the coming new window as new samples are obtained; 
recursive estimate method updates the window each time when a new sample is obtained. 
So for a constant input signal, the phasor measurements remain the same. 
 
4.1.3 Synchrophasor accuracy and Total vector error standard 
To demonstrate how synchronized phasors can improve the accuracy in voltage 
stability methods, simulations are made to examine diff rences between exact phasor 
values, calculations based on synchronized phasors measurements and based on 
traditional technology. The IEEE has published the standard for synchrophasors and its 
several revisions [21]. It regulates the synchrophasors should follow “time tagging with 
accuracy better than 1 microsecond (or equivalently 0.02 degrees of phase at 60 Hz);” 
and “Magnitude accuracy of 0.1% or better.” Some synchrophasor manufacturers also 
settled their products regulations. According to an interim report [22] from North 
American SynchroPhasor Initiative Performance & Standards Task Team, this accuracy 
level can not be achieved easily in practical situation. Because although the PMUs are 
highly accurate devices, the less accurate devices, especially the potential and current 
instrument transformers and control cables, would introduce magnitude and phase 
measurements with larger errors. According to their tests, “the most accurate 
instrumentation channels are current instrumentation channels that use CTs.”; “The next 
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most accurate instrumentation channels are voltage instrumentation channels that use 
wound type VTs. The length of the control cable is very important in determining the 
level of errors [22]”. In their tests, magneto-optic current Transducers (MOCTs) and 
electro-optic voltage transducers (EOVTs) are “relatively very accurate devices for 
magnitude (typical accuracy 0.1% and 0.1% to 1%) but relatively inaccurate in time 
(phase). Typical time latencies are in the order of 30 to 50 microseconds. This translates 
to 0.648 degrees to 1.08 degrees phase error at 60 Hz.” So for a node with synchrophasor 
installed, the final output exhibits time latencies n the order of 40 to 70 microseconds 
which translates to a substantial phase error. And for the cable transmission, the 500 ft 
cable may introduce an error of 0.4 degrees. This error along with the inaccuracy in 
measuring reflects to a phase-shifting difference from the exact phasor value. In 
manufacturing, the error component of the synchronized measurements package is 
defined using Total Vector Error (TVE) [21]. The accuracy standard for many products 
(includes Arbiter model “1133a iec687”, SEL 421 family and Siemens RV40) in use is 
<1% TVE [24].  
 
Figure 4.1: TVE phasor schema [23] 
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When we define X is the theoretical input phasor and Xn is the estimated phasor, 
which is measured at the secondary side of the power system and has its value reduced by 
VTs and CTs, and packaged with the synchronized signals as the output. The TVE can be 





=   
While this definition is a simplified definition of TVE, according to the IEEE 











Xr(n) and Xi(n) are both measured values of power system parameters which have 
theoretical values Xr and Xi. According to the standard, “a time error of 1 µs corresponds 
to a phase error of 0.022° for a 60 Hz system and 0.018° for a 50 Hz system. A phase 
error of 0.01 radian or 0.57° will by itself cause 1% TVE as defined in” above equation. 
“This corresponds to a maximum time error of ... ± 31 µs for a 50 Hz system” [24]. 
 
4.2  Simulation and Results 
4.2.1 Simulation Processes 
 During the simulation, it is assumed that the PSSE outputs represent the “exact 
phasor values” reference with 100% accuracy; building up phasor measurement units 
with different accuracy levels (a <1% TVE accuracy level which the real synchrophasors 
errors [21, 23, 24] and 5-10% TVE to account for traditional system parameter 
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measurement units may have), evaluate how the different measurement errors would 
influence the accuracy and performance of the VSI methods. 
The output package of synchrophasor measurements is composed of the 
synchronized time signal from build-in GPS, real time voltage and current phasor 
measurements and other measurements as apparent power and bus/generator frequency. 
The phasor measurements can be separated as magnitudes and angles. The former ones 
have an error component up to +0.1% for current and +0.6% for voltage; and for angle 
delays, the synchrophasors still have 40-70 microseonds (about 0.864-1.512 electric 
degrees) and power flow measurements have the same error scale. When the package is 
received at the controlling center, it contains the random noises in each channel and also 
time delays between each cable. Considering range of the IEEE-39 study system used, a 
certain time delay of +0.1% in angle measurements is added. 
There is no pulse per second signal sent to traditional measurement units to 
modify time for each measurement. Because these measurement units have the same CTs 
and PTs at the secondary side of the power system, the accuracy for magnitudes of phasor 
measurements that can be measured is at the same scle a  the synchronized ones. But the 
angle delays for each set of measurements include larg  time deviations up to 2 second, 
which reflect in the TVE as an angle delay of about 5-20 degrees. The random noises and 
time delay of transmission cables are also considered. 
 
The steps for simulation are as follows: 
1. The simulation is based on IEEE-39 Bus System using PSS\E 31.1 program published 
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by Siemens PTI, Inc. It is assumed all the calculation values in the program are 
accurate and synchronized. That means, the values obtained initially in the program 
are “exact phasor values” with 100% accuracy. They ar  also used as reference values. 
2. To simulate synchrophasor accuracy level measurements, several white noise 
sequences with standard deviation of zero means were generated by matlab and added 
to the phasors obtained from the PSS\E to represent data from synchrophasors. In data 
measuring process, the biggest error component should f llow TVE < 1%. White 
noises are added to both magnitude and angle measurements. For magnitudes, the 
error components contain within +0.1% in magnitude for current and within +0.6% in 
magnitude for voltage; for angles, white noises represent 0.864-1.512 electric degrees 
error (equals 40-70 microseconds in time) per measuring sample are added. In data 
transmitting process, a white noise of +0.1% in value represents the error component 
of different cables’ delay is added (this error comp nent can also be added when the 
message arrives at controlling center). A random white noise within + 0.05% in 
magnitude is also added for data transmission to repres nt the random noise.  
3. To simulate lower accuracy level measurements, several white noise sequences with 
standard deviation of zero means were generated by matlab and added to the phasors 
obtained from the PSS\E to represent data from synchrophasors. In data measuring 
process, the biggest error component should follow TVE = 5-10%. In data measuring 
process, the biggest error component should follow TVE between 5% and 10%. 
White noises are added to both magnitude and angle measurements. For magnitudes, 
the error components contain within +0.1% in magnitude for current and within 
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+0.6% in magnitude for voltage; for angle measurement, without the pulse signal to 
regulate time frame in each measuring, much larger electric degrees are applied.  The 
total phasor error component follows 5-10% TVE. In data transmitting process, a 
white noise of +0.1% in value represents the error component of different cables’ 
delay is added (this error component can also be add d when the message arrives at 
controlling center). A random white noise within + 0.05% in magnitude is also added 
for data transmission to represent the random noise. This is the same as step 3. 
4. Use the measurements in step 2 and 3, calculate the Voltage Stability Indices based 
on different measurement error levels, and compare them with the index computed 
from exact simulated values. Use indices based on synchrophasor accuracy level 
measurements and traditional phasor accuracy level m asurements for system 
stability monitoring and protection; see how severe influences it will have to the 
system protection.  
 
When purely comparing the accuracy level of the three measurements, some 
techniques used in A-D, D-A steps like three-point averaging method are neglected. The 






Figure 4.2 Measurement accuracy simulation schemes 
 
The number of messages sent per second is another option that has influence to 
the calculation accuracy. Synchrophasors have several communication rates varying from 
1 message per second to 30 messages [15, 25]. In this simulation, a communication rate 
of 30 messages per second is selected for synchronized accuracy level data and a same 
rate for lower accuracy level data.  
 
4.2.2 Simulation results 
To simulate how the synchronized phasors’ measurements improve the accuracy 
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which includes the simulating of synchrophasor accura y level and traditional accuracy 
level measurements and the calculation of the voltage stability index based on them, is 
repeated for 10,000 times to testify the differences b tween synchronized data and data 
using traditional devices. For most cases, the datagenerated from the two different 
sources could return similar VSI curves after calcul tion. By comparing those curves 
with the reference curve, we may notice that the synchronized phasor measurements can 
better describe the actual working condition of the system with less inaccuracy, 
respectively. And the traditional technology based data also reflect the trend of the 
system’s stability situation but have a larger error level. 
 
Figure 4.3: VSI_1 curves based on different accuracy level data 
 
In very few cases, while the measurements from different devices have relatively 
larger deviations, in other words, the VSI_1 curve generated includes much higher error 
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component, the VSI_1 may even fail to reflect the system’s actual trend towards collapse 
when it meets continuously load increase contingency. This only happens using 
traditional accuracy level measurements and happen 27 times in 10,000 times simulation. 
 
4.2.4 Standard deviation Method 
Standard Deviation Method is used to evaluate the accur cy of the VSI 
calculations based on un-synchronized data and synchro ized data. Standard deviation is 
“a measure of the variability or dispersion of a population, a data set, or a probability 
distribution. [26]” One can decide how the data points range around the mean value by 
judging the value of its standard deviation—a high value means the data points are spread 
out the mean value while a small standard deviation indicates the data points are close to 
the mean value. 
The simulation region is the last 1000MVA load increase before voltage 
collapsing. In each simulation, the message sent back from the simulated phasor 
measurement units at rate of ∆t = 0.03334 sec, equaling 30 messages per second, is 
computed. The difference of each data point from the actual value is calculated, and the 
result is squared. Then these values are averaged and the square root is taken, which 
gives the standard deviation of the error component of the VSI for each simulation. 
Simulation group is defined to be a group contains the simulation results of 500 
times simulation. The error standard deviation distribu ion is checked for each simulation 
group. The error data ratio (which lead to an apparently wrong VSI result) for the 
simulation is 27 out of 10000, which is 0.27%. The VSI using synchronized data has a 
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mean standard deviation value of 0.00016931. And the VSI using traditional accuracy 
level data has a much larger mean standard deviation value, 0.0025.  
Both the VSI curves and standard deviations of VSI values indicate that the data 
from synchronized phasors are much more accurate thn using the unsynchronized data.  
For a group of 200 times simulation, all the derivation points at each response 
time (equals to the message rate which is 30 per second) are calculated. The deviations 
between traditional measurements and exact values cover a large space with a biggest 
accuracy deviation of 1. Most deviations centralize in the region between 0 and 0.1, 
which is maximum property error region for traditional level data. And for synchrophasor 
accuracy data the deviation region is well below and centralize in the region between 0 
and 0.03. 
The generator-tripping simulation is also carried out with different accuracy level 
measurements. Similar results like load increase simulations are obtained. For a database 
containing the simulation results of 5000 times simulation, the distribution for each 
simulation group is checked. The error data ratio for the simulation is 7 out of 5000, 
which equals 0.14%. The VSI using synchrophasor accur y level data has a mean 
standard deviation value of 0.0002374. And the VSI using traditional level data has a 
much larger mean standard deviation value, 0.00292. The VSI curves using different 
measurements in one simulation are shown in Figure 4.4. 
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Figure 4.4 VSI_1 curves based on different accuracy level data for gen-tripping 
 
 A group of 100 times capacitor compensation simulations based on different 
accuracy level data are made. A sort of simulation results is obtained. For a load increase 
contingency happens at load bus-16, the maximum permissible load is 1735 MVA 
without compensation. When compensation actions use VSI stability judgment based 
exact phasor values and synchrophasor level data, bo h 100% percent correct actions 
using exact phasor values and synchronized data are m d . The average increased stable 
margins for the two sections are 320 MVA and 307 MVA. This indicates not very much 
compromise in using exact phasor values and synchroized level data for simple 
capacitor compensation if synchronized data have enough accuracy level. And in the 99 
success capacitor compensation cases with VSI method using traditional accuracy data, 
the average increased stable margin is 289 MVA. The switching shunt that installed in 
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the system generates same amount of reactive power into the system in these three kinds 
of cases. That means when the compensation algorithm decides to take action when 
certain stable margin for VSI is reached, in actual it is not the real margin but a small 
distance from it. Because in deciding the stable margin, a settled allowance is given. So 
























In this thesis, two studies are presented. The first study is the derivation of two 
voltage stability indices and their applications in voltage stability assessment through 
static and dynamic simulations; the second study is the effect of measurement errors in 
voltage stability index methods in power system protection. 
In the first study, two voltage stability indices based on maximum power transfer 
are presented. The first index is based on the rate of active power to maximum power. 
The second is based on the slope of the P-V curve at load bus. The principles of the two 
indices are analyzed and their derivation processes are hown. The two indices both apply 
two-bus equivalent system method. In practical situation, the network admittance and 
impedance matrixes can be obtained and renewed at regula  intervals. Based on that, the 
indices use the reduced system network parameters so that it makes the calculation 
simple and acceptable using the real-time data of lrge area system.  
In chapter three, simulations are made to demonstrate the indices’ application in 
voltage stability assessment. In both static and dynamic load increase simulations, the 
index values increase along with the increase of the power flow. And the simulations 
illustrate when the system reach its critical point, the VSI values also reach their 
maximum values to show system’s instability. The abnormal index value oscillations and 
increases before the critical points show that they ar  sensitive to the voltage collapse in 
both static and dynamic simulations. This characteristic can be used to estimate system’s 
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stability condition and future working trend. The sn itive calculation in chapter three 
illustrates a method to determine system’s sensitive bus by comparing their VSI 
sensitivities when a contingency occurs. The line outage simulation demonstrates that the 
VSI values reflect the system’s stability capability. The values of the VSI in line outage 
condition illustrate how far the system is from thecollapsing point. In generation tripping 
simulation, VSI performances at different buses when the same generator is tripped and 
VSI performances at same load bus when different geerators are tripped are calculated 
and compared individually. And the simulations testify hat VSI method can help to 
specify the most sensitive buses to each generator. Principles of using VSI in system 
stability analysis are discussed and specific simulations are also performed in chapter 
three. A simple system capacitor compensation strategy for low voltage situations based 
on VSI safety threshold algorithm is carried out. The simulation demonstrates that the 
algorithm successfully detected the low voltage contingency and performs switched shunt 
compensation and restores the system’s voltage magnitudes. At the end of chapter three, 
an existed voltage stability index PTSI is introduced and the comparison of the load 
increase and generator tripping characteristics between VSI_1/2 and PTSI are made. The 
comparison shows that in power shortage and generator tripping contingencies, the 
VSI_1/2 described in the thesis may have better chara teristics than the PTSI.  
In the second part of the thesis, the effect of measurement errors on the VSI 
method is evaluated. Particular simulations based on dynamic simulation are used to 
examine the differences, and the influences towards power system protection, between 
exact phasor values, simulated synchrophasor accuracy level phasor measurements and 
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traditional accuracy level measurements, using VSI methods. The results of the 
simulation indicate that the synchrophasors not only can largely increase the accuracy of 
the system state measurements by reducing the time delays, but could improve the 
voltage stability methods by enabling accurate calcul tions and selecting the most 
appropriate time to take control actions.     
 
5.2 Future Research 
In the future research, I will continue my concentration on using VSI method in 
power system security monitoring and system protection criteria. The first concentration 
is to apply VSI method with artificial neutral networks/genetic algorithm in system 
protection. Genetic algorithm is a method that considering the property of future 
happening and is a generally accepted method in state estimation [27]. In power system 
monitoring and estimation, we use genetic algorithm o find out the solution to a specific 
contingency—whether a protecting control action need to be done or not and what extent 
the action is. Firstly a group of limited number of existed cases is imported into the study 
pool. Genetic system is trained using these statistics. Internal’ operating modes or 
connections of the cases’ characteristics are derived and a control action strategy is 
formed. To improve the accuracy of the system, the trained system is applied with new 
cases for testifying and modification. Finally the system could be installed into the real-
time controlling center, along with the application f VSI method. VSI method is chiefly 
used to detect and outline the contingency, showing its trend. The genetic method finds 
out the best solution for it. 
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The second concentration is using VSI method and other analysis method to 
evaluate the sensitivity characteristics of system buses. In this thesis, the research about 
the power system sensitive bus selection is mainly based on fast load changing simulation. 
The simulation reflects one aspect of the system load buses’ dynamic characteristics. 
More simulations under different contingency types and disturbances using VSI method 
are needed to obtain a through description of buses dynamic characteristics. The 
combination with other system sensitivity analysis methods can be applied to increase the 
accuracy in evaluation. 
For the analysis of VSI_1/2 performance in this thesis, simulated synchronized 
phasor measurements are used. In future research, real synchrophasor data will be used to 
testify the performance of VSI_1/2 in real world. And more comparisons with other VSI 






















IEEE-39 model statistics 
 
The research is based on IEEE 39-Bus “New England” Power System, which has 
a base unit of 100 MVA and is a 1 area system. See Figure A.1. 
 
Figure A.1: IEEE 39-Bus System [14] 
 
 
A.1 System Statics  
A.1.1 Bus Data and Power data settings 
All values are given based on 100 MVA. Note that generator 2; Bus No.39 is the 







MW MVar MW MVar Unit No. 
1 PQ - 0.0 0.0 0.0 0.0  
2 PQ - 0.0 0.0 0.0 0.0  
3 PQ - 322.0 2.4 0.0 0.0  
4 PQ - 500.0 184.0 0.0 0.0  
5 PQ - 0.0 0.0 0.0 0.0  
6 PQ - 0.0 0.0 0.0 0.0  
7 PQ - 233.8 84.0 0.0 0.0  
8 PQ - 522.0 176.0 0.0 0.0  
9 PQ - 0.0 0.0 0.0 0.0  
10 PQ - 0.0 0.0 0.0 0.0  
11 PQ - 0.0 0.0 0.0 0.0  
12 PQ - 7.5 88.0 0.0 0.0  
13 PQ - 0.0 0.0 0.0 0.0  
14 PQ - 0.0 0.0 0.0 0.0  
15 PQ - 320.0 153.0 0.0 0.0  
16 PQ - 329.0 32.3 0.0 0.0  
17 PQ - 0.0 0.0 0.0 0.0  
18 PQ - 158.0 30.0 0.0 0.0  
19 PQ - 0.0 0.0 0.0 0.0  
20 PQ - 628.0 103.0 0.0 0.0  
21 PQ - 274.0 115.0 0.0 0.0  
22 PQ - 0.0 0.0 0.0 0.0  
23 PQ - 247.5 84.6 0.0 0.0  
24 PQ - 308.6 -92.0 0.0 0.0  
25 PQ - 224.0 47.2 0.0 0.0  
26 PQ - 139.0 17.0 0.0 0.0  
27 PQ - 281.0 75.5 0.0 0.0  
28 PQ - 206.0 27.6 0.0 0.0  
29 PQ - 283.5 26.9 0.0 0.0  
30 PV 1.0475 0.0 0.0 250.0 - Gen10 
31 SWING 0.9820 9.2 4.6 - - Gen2 
32 PV 0.9831 0.0 0.0 650.0 - Gen3 
33 PV 0.9972 0.0 0.0 632.0 - Gen4 
34 PV 1.0123 0.0 0.0 508.0 - Gen5 
35 PV 1.0493 0.0 0.0 650.0 - Gen6 
36 PV 1.0635 0.0 0.0 560.0 - Gen7 
37 PV 1.0278 0.0 0.0 540.0 - Gen8 
38 PV 1.0265 0.0 0.0 830.0 - Gen9 
39 PV 1.0300 1104.0 250.0 1000.0 - Gen1 
Table A.1: IEEE 39-Bus System bus data and power flow data [14] 
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A.1.2 Machines data settings 
Parameters for the two-axis model of the synchronous machines are shown in 
Tables as follows. All values are given in a base of 100 MVA. And the reactive power 
limits are set from -500MVar to 1000MVar. 
Unit No. H Ra x'd x'q xd xq T'do T'qo xl 
1 500.0 0 0.006 0.008 0.02 0.019 7.0 0.7 0.003 
2 30.3 0 0.0697 0.170 0.295 0.282 6.56 1.5 0.035 
3 35.8 0 0.0531 0.0876 0.2495 0.237 5.7 1.5 0.0304 
4 28.6 0 0.0436 0.166 0.262 0.258 5.69 1.5 0.0295 
5 26.0 0 0.132 0.166 0.67 0.62 5.4 0.44 0.054 
6 34.8 0 0.05 0.0814 0.254 0.241 7.3 0.4 0.0224 
7 26.4 0 0.049 0.186 0.295 0.292 5.66 1.5 0.0322 
8 24.3 0 0.057 0.0911 0.290 0.280 6.7 0.41 0.028 
9 34.5 0 0.057 0.0587 0.2106 0.205 4.79 1.96 0.0298 
10 42.0 0 0.031 0.008 0.1 0.069 10.2 0.0 0.0125 
 
Table A.2: IEEE 39-Bus System machine data [14] 
 
 
A.1.3 Branch data settings 
Line Data Transformer Tap 
From 
Bus 
To Bus R X B Magnitude Angle 
1 2 0.0035 0.0411 0.6987 0.000 0.00 
1 39 0.0010 0.0250 0.7500 0.000 0.00 
2 3 0.0013 0.0151 0.2572 0.000 0.00 
2 25 0.0070 0.0086 0.1460 0.000 0.00 
3 4 0.0013 0.0213 0.2214 0.000 0.00 
3 18 0.0011 0.0133 0.2138 0.000 0.00 
4 5 0.0008 0.0128 0.1342 0.000 0.00 
4 14 0.0008 0.0129 0.1382 0.000 0.00 
5 6 0.0002 0.0026 0.0434 0.000 0.00 
5 8 0.0008 0.0112 0.1476 0.000 0.00 
6 7 0.0006 0.0092 0.1130 0.000 0.00 
6 11 0.0007 0.0082 0.1389 0.000 0.00 
7 8 0.0004 0.0046 0.0780 0.000 0.00 
8 9 0.0023 0.0363 0.3804 0.000 0.00 
9 39 0.0010 0.0250 1.2000 0.000 0.00 
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10 11 0.0004 0.0043 0.0729 0.000 0.00 
10 13 0.0004 0.0043 0.0729 0.000 0.00 
13 14 0.0009 0.0101 0.1723 0.000 0.00 
14 15 0.0018 0.0217 0.3660 0.000 0.00 
15 16 0.0009 0.0094 0.1710 0.000 0.00 
16 17 0.0007 0.0089 0.1342 0.000 0.00 
16 19 0.0016 0.0195 0.3040 0.000 0.00 
16 21 0.0008 0.0135 0.2548 0.000 0.00 
16 24 0.0003 0.0059 0.0680 0.000 0.00 
17 18 0.0007 0.0082 0.1319 0.000 0.00 
17 27 0.0013 0.0173 0.3216 0.000 0.00 
21 22 0.0008 0.0140 0.2565 0.000 0.00 
22 23 0.0006 0.0096 0.1846 0.000 0.00 
23 24 0.0022 0.0350 0.3610 0.000 0.00 
25 26 0.0032 0.0323 0.5130 0.000 0.00 
26 27 0.0014 0.0147 0.2396 0.000 0.00 
26 28 0.0043 0.0474 0.7802 0.000 0.00 
26 29 0.0057 0.0625 1.0290 0.000 0.00 
28 29 0.0014 0.0151 0.2490 0.000 0.00 
12 11 0.0016 0.0435 0.0000 1.006 0.00 
12 13 0.0016 0.0435 0.0000 1.006 0.00 
6 31 0.0000 0.0250 0.0000 1.070 0.00 
10 32 0.0000 0.0200 0.0000 1.070 0.00 
19 33 0.0007 0.0142 0.0000 1.070 0.00 
20 34 0.0009 0.0180 0.0000 1.009 0.00 
22 35 0.0000 0.0143 0.0000 1.025 0.00 
23 36 0.0005 0.0272 0.0000 1.000 0.00 
25 37 0.0006 0.0232 0.0000 1.025 0.00 
2 30 0.0000 0.0181 0.0000 1.025 0.00 
29 38 0.0008 0.0156 0.0000 1.025 0.00 
19 20 0.0007 0.0138 0.0000 1.060 0.00 
 




Models used in Dynamic Simulation: 
 
 
B.1 Load models 
The load model used in PSSE 31 simulation is “IEELBL” model. 
  Subsystem Type Model Name 
Bus IEELBL 
 
















The a and n constants in the model need not be an integer, maybe negative, and 
may be zero. And delta-f is the frequency variance of the bus. In the simulation, I assume 
a1=a2=a4=a5=a7=a8=0, a3=a6=1; n1=n2=n4=n5=0, n3=n6=2. That is assumed the load 
is purely constant power so as to investigate the worst situation of the system. 
 
B.2 Generator model 
B.2.1 Generator model--Full order model 
Unit No. H Ra x'd x'q xd xq T'do T'qo xl 
1 500.0 0 0.006 0.008 0.02 0.019 7.0 0.7 0.003 
2 30.3 0 0.0697 0.170 0.295 0.282 6.56 1.5 0.035 
3 35.8 0 0.0531 0.0876 0.2495 0.237 5.7 1.5 0.0304 
4 28.6 0 0.0436 0.166 0.262 0.258 5.69 1.5 0.0295 
5 26.0 0 0.132 0.166 0.67 0.62 5.4 0.44 0.054 
6 34.8 0 0.05 0.0814 0.254 0.241 7.3 0.4 0.0224 
7 26.4 0 0.049 0.186 0.295 0.292 5.66 1.5 0.0322 
8 24.3 0 0.057 0.0911 0.290 0.280 6.7 0.41 0.028 
9 34.5 0 0.057 0.0587 0.2106 0.205 4.79 1.96 0.0298 
10 42.0 0 0.031 0.008 0.1 0.069 10.2 0.0 0.0125 
 
Table B.1: IEEE 39-Bus System machine data for model “GENNROU” [14] 
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The parameters for full order generator model are giv n. Many models can be 
selected through PSSE database. GENROU is selected as it is widely used in dynamic 
simulation. 
 
Figure B.1: Electromagnetic model of GENROU [28] 
 
B.3 Stabilizer model 
 




Figure B.3: Block Diagram and statistics for PSSE model “STAB1” [28] 





1 1.0/(2*pi*60) 10.0 5.0 0.60 3.0 0.50 0.2 -0.2 
2 0.5/(2*pi*60) 10.0 5.0 0.40 1.0 0.10 0.2 -0.2 
3 0.5/(2*pi*60) 10.0 3.0 0.20 2.0 0.20 0.2 -0.2 
4 2.0/(2*pi*60) 10.0 1.0 0.10 1.0 0.30 0.2 -0.2 
5 1.0/(2*pi*60) 10.0 1.5 0.20 1.0 0.10 0.2 -0.2 
6 4.0/(2*pi*60) 10.0 0.5 0.10 0.5 0.05 0.2 -0.2 
7 7.5/(2*pi*60) 10.0 0.2 0.02 0.5 0.10 0.2 -0.2 
8 2.0/(2*pi*60) 10.0 1.0 0.20 1.0 0.10 0.2 -0.2 
9 2.0/(2*pi*60) 10.0 1.0 0.50 2.0 0.10 0.2 -0.2 
10 1.0/(2*pi*60) 10.0 1.0 0.05 3.0 0.50 0.2 -0.2 
 
Table B.2: IEEE 39-Bus System PSS data for model “STAB1” 
 
B.4 Governor model 
It is with placed no governor dynamics, and constant mechanical torques are 
given to each generator. Since I treat generator 2 as angle reference and swing node, Pset 
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point is determined by the power flow initialization. All values are given on the system 
base of 100 MVA. 
Unit # 1 2 3 4 5 6 7 8 9 10 
Pset point 10.00 - 6.50 6.32 5.08 6.50 5.60 5.40 8.30 2.5 
 
Table B.3: IEEE 39-Bus System governor data [14] 
 
Figure B.4: Block Diagram for Governor [14] 
 
Use PSSE TGOV1 model for simulating governor. 
 
 
Figure B.5: Block Diagram and statistics for PSSE model “TGOV1” [28] 
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Dt is assumed to be 0. And the other parameters are used representative values for 
typical units which can be found in PSSE Manual. 
 
B.5 Exciter Model 
The 39-bus system adopted static AVR with Efd limiter.  
 
Figure B.6: Block Diagram for Exciter [14] 
 
Then Table B.4 shows the characteristics of the AVRs in this system: 
Unit 
No. 
TR KA TA TB TC Vsetpoint EfdMax EfdMin 
1 0.01 200.0 0.015 10.0 1.0 1.0300 5.0 -5.0 
2 0.01 200.0 0.015 10.0 1.0 0.9820 5.0 -5.0 
3 0.01 200.0 0.015 10.0 1.0 0.9831 5.0 -5.0 
4 0.01 200.0 0.015 10.0 1.0 0.9972 5.0 -5.0 
5 0.01 200.0 0.015 10.0 1.0 1.0123 5.0 -5.0 
6 0.01 200.0 0.015 10.0 1.0 1.0493 5.0 -5.0 
7 0.01 200.0 0.015 10.0 1.0 1.0635 5.0 -5.0 
8 0.01 200.0 0.015 10.0 1.0 1.0278 5.0 -5.0 
9 0.01 200.0 0.015 10.0 1.0 1.0265 5.0 -5.0 
10 0.01 200.0 0.015 10.0 1.0 1.0475 5.0 -5.0 
 
Table B.4: IEEE 39-Bus System exciter data [14] 
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